Chorismate synthase was purified 1200-fold from Euglena gracilis. The molecular mass of the native enzyme is in the range of 110 to 138 kilodaltons as judged by gel filtration. The molecular mass of the subunit was determined to be 41.7 kilodaltons by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Purified chorismate synthase is associated with an NADPH-dependent flavin mononucleotide reductase that provides in vivo the reduced flavin necessary for catalytic activity. In vitro, flavin reduction can be mediated by either dithionite or light. The enzyme obtained from E. gracilis was compared with chorismate synthases purified from a higher plant (Corydalis sempervirens), a bacterium (Escherichia co/i), and a fungus (Neurospora crassa).
The three aromatic amino acids are synthesized via the shikimate pathway in microorganisms and plants (Fig. 1) . Although the reaction sequence in the prechorismate pathway is identical in all organisms investigated so far, there are considerable differences in enzyme organization, as well as regulation, between organisms of different taxonomic groups. In Escherichia coli, the seven enzymatic activities of the prechorismate pathway are associated with monofunctional polypeptides. In converting DAHP5 to EPSP reside in a single pentafunctional polypeptide, the arom complex. In higher plants, two activities (3-dehydroquinate dehydratase and shikimate dehydrogenase) form a bifunctional polypeptide, although the other five enzymes are monofunctional (reviewed in ref. 4) . In Euglena gracilis, the organization of the prechorismate pathway appears to resemble that found in fungi. The first and the last steps are catalyzed by single enzymes (DAHP-synthase and chorismate synthase, respectively), whereas activities 2 to 6 form a large complex resembling the fungal arom complex (27) . Euglena and fungi are strikingly similar in other biochemical pathways as well. Thus, both groups of organisms use the L-a-aminoadipate pathway for lysine biosynthesis, whereas bacteria, algae, and plants follow the diaminopimelate route (30) . On the basis of such findings, a close evolutionary relationship was proposed for euglenoids and fungi. But aromatic biosynthesis shows several features that, among all organisms studied so far, are unique for E. gracilis. Anthranilate synthase, the first enzyme in the tryptophan branch ( Fig. 1) , is monomeric in Euglena, whereas in all other anthranilate synthases characterized so far the chorismate and glutamine binding sites reside on distinct polypeptide chains (16) . The synthesis of tryptophan from anthranilate is catalyzed by a single protein in Euglena (17) , but in all other known examples tryptophan synthase is separable from the other activities of the tryptophan branch (17) . Unlike other organisms, E. gracilis possesses only a single chorismate mutase isozyme, which is unusually large (31) . In contrast to microorganisms, L-arogenate is the last common precursor of both phenylalanine and tyrosine in Euglena (7) , which also appears to be the case for higher plants.
Chorismate synthase is the only shikimate pathway enzyme previously not detected in E. gracilis, except indirectly (6) , which remained to be characterized. A (25, 33) , Neurospora crassa (32, 33) , and Bacillus subtilis (18) . Although chorismate synthase activity was only recently discovered in an extract from a higher plant (26) , the enzyme has been isolated and characterized from a cell suspension culture of Corydalis sempervirens in our laboratory (28 
DEAE-Sepharose Chromatography
The desalted protein solution was loaded onto a DEAESepharose (Pharmacia) column (100 mL bed volume) preequilibrated in buffer A. The column was first washed with buffer A, then protein was eluted with a linear gradient (500 mL) of 10 to 270 mm KCl in buffer A (flow rate 1 mL/min, 10 mL fractions). Fractions containing chorismate synthase activity were pooled.
Phenyl-Sepharose Chromatography
The combined fractions from the previous step were loaded directly onto a Phenyl-Sepharose column (Pharmacia, 40 mL bed volume), equilibrated in buffer A. Protein was eluted with a gradient (400 mL) of 0 to 30% (v/v) ethyleneglycol (flow rate 0.8 mL/min, 10 mL fractions). Fractions containing chorismate synthase activity were pooled and concentrated by ultrafiltration (Amicon PM-30). Glycerol and DTT were added to a final concentration of 50% (v/v) and 1 mm, respectively. This preparation could then be stored for several months without any loss of chorismate synthase activity.
MonoQ Chromatography
Chromatography on a MonoQ HR 5/5 Fast Protein Liquid Chromatography column (Pharmacia) was used as final step in chorismate synthase purification when the purified enzyme was to be used for biochemical characterization because of the high yield and speed of the method. The protein sample containing 50% (v/v) glycerol was applied to the column that had been preequilibrated in 20 mm Tris/HCl, pH 7.5 (buffer B). Protein was eluted using first a gradient (14 (33) . The in vivo source of reduced flavin for plant chorismate syntheses is unknown. Because plant chorismate synthase activity is associated with the chloroplast compartment, a possible involvement of a photosynthetic electron transport chain component has been discussed (26) . This would allow for the regulation of the shikimate pathway by light. A light stimulation of the overall activity of the shikimate pathway, in vivo or in isolated chloroplasts, has been reported earlier ( 19, 20) , but light-regulated enzymes have not been identified yet (29) .
We found that light (white incandescent light, 750 ME m-2s-'), in the presence of 1 mm DTT, can provoke chorismate synthase activity in the absence of a flavin reductant (Table  III) . This light stimulation of enzyme activity is most likely not a direct effect of light on the enzyme itself, but is rather due to photoreduction of FMN. We observed that only light (12) . On the basis of our data, we cannot clearly assign to chorismate synthase a function in the regulation of the shikimate pathway. Using light as reducing power, it was now possible to assay the activity of the monofunctional chorismate synthases without forward coupling of the reaction to anthranilate synthase (see "Materials and Methods"). This assay system, which dispenses with the highly tryptophan-sensitive anthranilate synthase, allowed us to test a possible influence of aromatic amino acids on chorismate synthase activity. In isolated spinach chloroplasts, each of the aromatic amino acids was shown to exert strict feedback inhibition of its own synthesis (2). Chorismate synthase activity, however, was not affected by end products ofthe pathway (Table IV) . None of the aromatic (25) Not determined.
the gel in terms of enzyme activity, but the specific activities of the preparations differed. Also, the intensity of the silver stain may not accurately reflect the actual amount of protein present, because not all proteins stain equally in this procedure.
The immunological cross-reactivity of all four chorismate synthases indicates that antigenic determinants ofthis enzyme were highly conserved during evolution. Also, the primary structures of chorismate synthases turn out to be highly similar throughout species. There is 48% sequence identity between the enzymes from C. sempervirens and E. coli (A. Schaller, J. Schmid, U. Leibinger, N. Amrhein, submitted for publication) and 53% between C. sempervirens and Saccharomyces cerevisiae (D. Jones, G. Braus, personal communication). EPSP synthase appears to be the only other enzyme in the prechorismate pathway that shows a similar degree ofconservation (54% identity between EPSP-synthases of petunia and E. coli [14] ). In contrast, the individual domains of the arom complex from S. cerevisiae are only between 21 and 38% identical to the respective corresponding monofunctional E. coli enzymes (9) , and potato DAHPsynthase shows only as little as 22% identity with the three E. coli DAHP-synthases (10) . Clearly, until sequences of other enzymes of the pathway become available for comparison, it is too early for a generalization.
CONCLUSIONS
We have shown here that chorismate synthases from E. gracilis, C. sempervirens, N. crassa, and E. coli, i.e. of species representing four distinct taxonomic phyla, must be considered very similar proteins (see synopsis in Table V ). The enzyme from B. subtilis, which was not included in the present investigation, seems to be somewhat different, however (18) . The four chorismate synthases listed in Table V resemble each other very much in their cofactor specificities, kinetic properties, isoelectric points, and pH optima. Also, the structures of the enzymes must be similar as judged from the possession of common antigenic determinants as well as from sequence comparisons. In the prechorismate pathway, conservation ofthe amino acid sequences, although to a much lesser extent, has also been observed between the individual monofunctional E. coli enzymes and the corresponding domains of the fungal arom complex (9) . These enzymes, therefore, appear to have originated from common ancestors, but presumably at some later stage during evolution the organizational forms of the pathway diverged. Enzymes were clustered to different degrees in bacteria, plants, fungi, and euglenoids. Enzyme organization also appears to be the major difference between the chorismate synthases of these organisms. Chorismate synthase can either be monofunctional, as in plants (26, 28) and in many bacteria (33) , or it can be associated with a flavin reductase activity, as in N. crassa (13, 33) and B. subtilis (18) . Chorismate synthase from E. gracilis was also found to be bifunctional. Whether or not the flavin reductase in E. gracilis is associated covalently with the chorismate synthase remains to be elucidated. As outlined in the introduction, a common feature of Euglena and higher fungi, in contrast with plants and bacteria, is the high degree to which different enzyme activities are aggregated. Chorismate synthase appears to fit into this scheme.
